Abstract This paper presents a prototype of an ultrasonic transducer based on electromechanical film (EMFi). This electromechanical film provides a wide bandwidth response, useful for robotic applications. Furthermore, its sensitivity is constant enough to allow echo-pulse measurement in the desired frequency range. The emission patterns are obtained for different configurations, verifying the correspondence between experimental data and theoretical piston-like model. Results suggest that the polymer can be suitably used as a broadband ultrasonic transducer, in order to improve performances in ultrasonic sensorial systems, where the emission encoding with binary sequences, and the used modulation schemes, require considerably large bandwidth.
INTRODUCTION
Recently an increasing interest about ultrasonic transducers has appeared, due to the wide range of different applications. The most used ones have been the piezoelectric and electrostatic transducers, though it is necessary to improve their sensibility, bandwidth and/or size. The advancement in material research has given new options based on electrect materials and composites, or miniature electret microphones integrated on silicon chips, as microelectro-mechanical systems (MEMS). Indeed, products using electrets have been considered in many applications, being widely used in acoustic microphones, or even suggested for biomedical applications [1] [2] .
In the field of robot navigation, broadband air ultrasonic transducers are of great importance. They should operate in a large frequency range (2OkHz-200kHz) with high sensibility. Unfortunately, these requirements can not be often achieved by commercially available airborne ultrasonic transducers. Hence, new transducer technologies are required to develop broadband ultrasonic transducers with good adaptation to air. The interest in these features comes from the fact that ultrasonic signal is often encoded and modulated. In this way, broadband transducers imply less constraint in algorithms proposed for ultrasonic signal processing, allowing also the obtaining of additional spectral parameters from environment and reflectors. One promising transducer material for that is a cellular quasi-polymer electrect film, called electro mechanical film (EMFi) [3] .
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One kind of piezo-polymeric electret [4] is poly-vinylidene fluoride (PVDF), which is widely used in ultrasonic transducers [1] [5] . Other option is cellular piezoelectric polymer, which became an important research item in the late 1990's [1] [4], when properly charged cellular polypropylene (PP) was shown to possess longitudinal piezoelectric coefficient about 10 times higher than those from PVDF [2] [6]. More recently, micro-porous polypropylene (PP) foams, defined as electromechanical films (EMFi), were introduced [7] and further developed in Finland by VTT and several small companies [8] . In last years significant progress has been carried out in this field [4] [5], and many applications have been suggested related to electromechanical, electroacoustic, underwater, and ultrasonic sensors and actuators [5] .
This work describes the use of EMFi piezo-polymer material to design air-borne ultrasound transducers in a versatile way. The obtained acoustic features are detailed, as well as some basic configurations. The paper is organized as follows: Section II presents the transducer manufacturing, firstly describing the used material, and following with the design and manufacturing of a prototype; Section III is dedicated to the ultrasonic transducer characterization, with simulation and experimental results from an ad-hoc driving system; and, finally, some conclusions are discussed in Section IV.
II. TRANSDUCER FABRICATION
A. Piezopolimeric material Piezoelectricity refers to changes in the internal polarization of a dielectric material for small changes in stress and vice versa. A material can be piezoelectric because of its crystalline symmetry, like traditional polar piezopolymers. There exist also several polymers where piezoelectricity can be induced by external electric field, which permanently aligns electric quasidipoles in the material, as cellular space-charge electrets [9] . Therefore in this case the symmetry is broken in a macroscopic level. Physical characterization reveals close analogies between cellular polymers and ferroelectric materials, so the material can be considered also as ferroelectret [9] .
Electromechanical film (EMFi) is a thin porous polypropylene film with biaxially oriented flat voids, as lentils, with a lateral dimension of 10-100 ptm and a vertical one between 1 and 5 ptm [9] , as shown in Fig. la . It is obtained through extrusion, biaxial stretching, and controlled inflation by pressure patented treatments [7] . This heterogeneous foam film exhibits a permanent space-charge after corona or electrode charging with high electric fields during the manufacturing process. It has been tested that the charge distribution in cellular foams is such that the upper surfaces of all gas voids are charged to one polarity, and the lower surfaces to the opposite one, as quasi-dipoles (Fig. lb) , due to micro discharges in voids [10] . More detailed description of the process can be found in [7] [1 ]. Finally electrodes are evaporated or glutted. From the application point of view, it is important to take into account that if the metal coat is too rigid, the quasi-piezoelectric response of the film (a charge) will be small, whereas the output impedance of the sensor will be too high. Moreover, mechanical clamping will shift the quasi-piezoelectric resonance of the transducer towards high frequencies [12] .
As shown in Fig. lb , the charged voids in cellular polymers form perfectly-oriented macroscopic quasi-dipoles. Due to the extremely large anisotropy of the investigated systems, longitudinal piezoelectric constant (d33) is the dominant quasipiezoelectric coefficient [13] . Dielectric and interferometric measurements allow to determine the resonance frequencies of the films, which are in the range of a few hundreds of kHz [12] [14], as well as the frequency response of the d33-coefficient, minimum just below the thickness resonance [14] . In cellular polymers, d33 is positive (intrinsic quasi-piezoelectricity); d31 and d32 take low negative values and low piroelectric coefficients. Therefore, the quasi-piezoelectric coefficients in piezoelectric-like foams, as EMFi, are opposite to those in ferroelectric polymers, as PVDF; and they have the same sign as those in typical ferroelectric ceramics, as lead zirconate titanate (PZT). Moreover, large values, up to several hundred pC/N (130-450pC/N), are commonly achieved for d33, which is more than one order of magnitude larger than in conventional ferroelectric polymers /N for PVDF) [6] [8] [12] . This is mainly attributed to the very low Young's modulus (about 2MPa), compared to other common piezoelectrics, e.g., PVDF and PZT [15] [16] . The acoustic impedance is only 2.6X 104kg/(m2 s), providing a suitable matching to air [17] .
When exposed to dynamic mechanical or acoustic energy, the structure generates an electric charge, operating as a receiver. The effect also acts in reverse, converting electrical energy into vibration and sound, behaving as an actuator. This dual operation opens the scope of applications. Considering an EMFi-based transducer working in thickness mode, when an external force is applied, the thickness of the film changes. This variation depends on the kind of layer in the structure, due to the different elastic behavior of the polymer and to voids (intrinsic quasi-piezoelectricity). As a consequence, a mirror charge proportional to the force is induced at electrodes. This charge can be measured with a charge amplifier, or with a voltage amplifier with very high input impedance.
Sensitivity of EMFi films is strongly dependent on the thermal environment during processing, storage, and operation time. Thus, the charge tends to decrease if temperature remains over 500C for a long period of time [17] .
In summary, ferroelectrets have some advantages compared to conventional piezoelectric materials based on ceramics or polar polymers. Apart from their high d33-coefficients, they are thin and lightweight, and they may be obtained in almost any size and/or shape. They can be easily handled and they are inexpensive. Their relatively small specific acoustic impedance is an advantage for many transducer applications. The main drawback is the reduced stability of the piezoelectric effect at temperatures over 500C. This feature of the material can limit its application range, although related improvements are currently under research.
B. Transducer prototype
The developed transducer based on EMFi films is depicted in Fig. 2a . For experimental research, EMFi electret foil with a nominal thickness of 70ptm, metallic on one side with aluminium electrodes, has been used. The film has been cut in different shapes (square and round) and sizes, and mounted on a pad, so the piezo-material can oscillate in thickness mode. The polymer has been fixed on one side using conductive adhesive (Ag paste), acting as the second electrode. In Fig. 2b a prototype with an active area of 1.5xl.3cm2 is shown.
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ULTRASONIC ACTUATOR CHARACTERIZATION
Different EMFi-based (ferroelectret) emitters have been assembled and their sound output and directivity measured. For that, it has been necessary to develop a driving system to suitably excite the transducer up to 60OVpp.
A. Driving system
The response of the EMFi-based emitter is proportional to the used bias voltage. In fact, it has been shown that the deflection of the polymer has a strong dependence on the applied driving voltage [3] . Higher Sound Pressure Levels (SPL) are therefore achieved at higher driving voltages, being desirable to excite with a voltage amplitude higher than 300Vpp [3] . Nevertheless, as a result of discharges occurring at the boundary of the polymer, the maximum SPL is limited at a maximum driving voltage around 1OOOVpp. The displacement of the polymer surface is relatively constant in the frequency range between 20kHz and 200kHz [3] . These both considerations define the work conditions and, therefore, the driver system specifications.
The global emission stage has a first control module that provides the digital codification of the ultrasonic signal Ve(t) to be emitted. This signal Ve(t) is generated by a low-cost FPGA device [18] , together with a DA converter. Fig. 3 shows the block diagram of the circuit developed to suitably excite the transducer, starting from the signal Ve(t). absorbing polymer foam, in order to avoid significant reflections of sound waves from the chamber walls. A calibrated Briuel and Kjaer eighth-inch (4138) pressure-field microphone [20] has been employed for the characterization. It was placed at 25cm on the axial axis from the EMFi-based emitter (through-transmission mode). The sound level, emitted by an EMFi transducer with an active area of 2x2cm2, has been measured in a wide frequency range (20kHz-l40kHz), with 300VPP sinusoidal voltage. The frequency response is shown in The directional properties of the EMFi actuator at different frequencies (30kHz, 60kHz, 80kHz and 1OkHz) are presented ±305V in Fig. 6 . The emission patterns show how the main lobe becomes narrower when the frequency increases. The amplitudes of the sidelobes are smaller compared to the main one; nevertheless, the number of them increases with frequency. This trend is similar to the one shown by pistonbased model in an infinite rigid baffle.
As mentioned before, this driving system should consider constraints given by the EMFi-based emitter, regarding the excitation voltage (reaching the 300-600Vpp range), the bandwidth (20kHz-200kHz) and the equivalent capacitance (14 pF/cm2 in this specific case [8] 
B. Characterization results and discussion
The acoustical characterization has been performed in a compact acoustic chamber, covered with highly-sound- According to the radiation patterns in Fig. 6 , EMFi-based emitter becomes more directive with frequency: the total beam angle decreases (-6 dB) when increasing the frequency. Total beam angle is around 500 at 30kHz, decreasing until 300 when frequency is 60kHz; analogously, at 80kHz the total beam angle is around 200 whereas it is around 150 at 110kHz.
C. Simulation response
The EMFi material can not be described with a piezoelectric material model, mainly due to its inhomogeneous structure, so a more complex microscopic model should be developed. Nevertheless, from a macroscopic point of view, and as a first approximation, the EMFi-based transducer can be considered as a piston source.
The radiation field produced at the polar point (r,e) by a free piston-type of radius a in far field, assuming it is located in an the low spatial resolution in the experimental patterns (50) Comparing radiation patterns in Fig.6 and 7, the number of sidelobes is significantly higher in the piston model, but also narrower at higher frequencies, being similar at lower ones. The discrepancies can be related to two main factors: firstly, The received signals are shown in Fig. 9 and 10 , with the ones obtained after correlation for both transducers, respectively. The first observed effect, due to bandwidth limitations, is the appearance of sidelobes around the peak of the correlation process. The main peak obtained with the EMFi actuator is around 20% higher than the reference, what implies a remarkable improvement. Furthermore, the main advantage to point out is the ratio between the main peak and the sidelobes, which is significantly higher for the EMFi's one. In fact, the ratio for the reference transducer is 20%, whereas for EMFi it is 73%. This implies an increasing in the signal-tonoise ratio (SNR) supported by the system, therefore a higher accuracy and noise immunity. The proposal of an EMFi-based ultrasonic transducer has been described and the manufacturing of first prototypes has been illustrated. It 
